Objectives-The effect of rhythmic auditory stimulation (RAS) on gait velocity, cadence, stride length, and symmetry was studied in 31 patients with idiopathic Parkinson's disease, 21 of them on (ON) and 10 off medication (OFF), and 10 healthy elderly subjects. Method-Patients walked under four conditions: (1) their own maximal speed without external rhythm; (2) with the RAS beat frequency matching the baseline cadence; (3) with RAS 10% faster than the baseline cadence; (4) without rhythm to check for carry over from RAS. Gait data were recorded via a computerised foot switch system. The RAS was delivered via a 50 ms square wave tone embedded in instrumental music (Renaissance style) in 2/4 metre prerecorded digitally on a sequencer for variable tempo reproduction. Patients on medication were tested in the morning 60-90 minutes after medication. Patients off medication were tested at the same time of day 24 hours after the last dose. Healthy elderly subjects were tested during the same time of day. Results-Faster RAS produced significant improvement (P<0.05) in mean gait velocity, cadence, and stride length in all groups. Close synchronisation between rhythm and step frequency in the controls and both Parkinson's disease groups suggest evidence for rhythmic entrainment mechanisms even in the presence of basal ganglia dysfunction. Conclusions 
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DESIGN
Patients were allowed a brief warm up consisting of a two minute walk covering about 20 m. All subjects then walked along a 15 m walkway, turned 1800 at the walkway end, and returned to the starting position. Four gait trials, each for a total walking distance of 30 m, were recorded under the following conditions and in the following order: (1) their own maximal speed with no external rhythm (baseline); (2) in time to RAS matched in tempo to each patient's baseline cadence; (3) in time to RAS set at a tempo 10% faster than baseline; (4) with no external rhythm to check for immediate carry over effects.
Gait data were recorded and analysed with a computerised foot switch system consisting of four separate sensors measuring surface contact for heel, toe, and first and fifth metatarsal. The RAS was provided by a click tone stimulator generating a 50 ms square wave pulse embedded in instrumental music in Renaissance style in 2/4 metre. The tempo of RAS was expressed in beats per minute to allow matching the stimulator generated auditory beats with the baseline cadence of each patient. The music was digitally prerecorded on a synthesiser/sequencer to allow for variable tempo reproduction without losing pitch control. Auditory beats and stride data were recorded simultaneously to allow for an analysis of the synchronisation pattern between rhythmic stimulus and step patterns (fig 1) . Patients on medication (ON) were tested in the morning 60 to 90 minutes after medication (sinemet or sinemet/eldepryl). Patients off medication (OFF) were tested during the same time of day 24 hours after the last dose. The healthy elderly controls were also tested during the same morning hour.
Results

BASELINE
In the absence of RAS all patients with Parkinson's disease showed abnormal gait patterns characteristic of Parkinson's disease. For the ON group this included decreased velocity (mean 42-0 (SD 12.2) m/min) and shortened stride length (mean 0-86 (SD 0 19) m). The OFF group showed even further decreased velocity (mean 33-7 (SD 15.1) m/min), reduced stride length (mean 0 74 (SD 0.21) m), and moderate stride asymmetry (mean 0-82 (SD 0-15)%) when symmetry was calculated as the time ratio between two successive steps using the longer step time as denominator. The accepted normal age matched values reported are 73 m/min for velocity and 1 27 m for stride length.9 Average cadence (steps/min) for the ON group was 98 (SD 10) and 91 (SD 12) steps/min for the OFF group compared with the 113 steps/min typical of normal age matched subjects. The stride data of the normal elderly group fell well within normal age ranges (velocity 74-4 (SD 6 4) m/min, cadence 111 (SD 7) steps/min, stride length 1 34 (SD 0.17) m, symmetry 0 97 (SD 2)%). 
(SD 30) ms. In the OFF group exact phase Left foot coupling was seen in seven out of 10 patients. 0 ._._____._. _ ._ Two patients drifted ahead of the beat (100 steps/min to RAS at 85; 103 steps/min to RAS -180°-------------------------------------at 100), and one patient fell slightly behind the beat (95 steps/min to RAS at 98). The mean 
Time (s) (t= 3 11; P < 0-01), cadence increased by 10-8% (t = 2-04; P < 0 05), and stride length increased by 18-6% (t = 2-68; P < 0 02). In the OFF group, velocity improved by 25% (t = 3 05; P < 0-01), cadence by 9 9% (t = 2-02; P < 0 05), and stride length by 18-9% (t = 2-70; P < 0 02). The normal elderly group improved velocity by 14-9% (t = 2-34; P < 0 04), cadence by 10-8% (t = 2-07; P < - 180°Tc-------------------------------------0 22.824
Time (s) Figure 2 Step/RAS synchronisation pattern of a patient with Parkinson's disease who shows close phase coupling between onset of auditory signal (zero axis) andfoot surface contact (black squares). Vertical deviations of squares from the zero axis display the synchronisation error between foot contact and auditory signal (below zero = anticipatory synchronisation error; above zero = delayed synchronisation error) For normalisation, the amplitude of synchronisation error is converted into phase angle (ir) deviations. A synchronisation error of 1800 out ofphase would indicate a footstrike on the auditory signal cueing the opposite lower limb. Data in this recording are RAS frequency (interstimulus interval) = 658 ms; step cadence = 921min; mean synchronisation error (left) = -0045 ms (it = -244); mean synchronisation error (right) = -0-024 ms (PI = -13 4).
Rhythmic auditory-motorfacilitation ofgait patterns in patients with Parkinson's disease 005), and stride length non-significantly by 3-7%. Improvement in symmetry ratios was not significant in any group.
SHORT TERM CARRY OVER
Increases in gait velocity, cadence, and stride length persisted during the last, uncued walking condition in all three groups with a small decay rate of 1%-5 %, indicating a short term carry over effect of RAS on gait patterns.
Discussion
The results of the present study confirm and extend previous reports of rhythmic auditory facilitation on parkinsonian gait. In an extension of previous studies, we were able to determine the effect of changes in RAS frequency on gait patterns and associated stride sychronisation errors in an entrainment design. We were also able to show that most patients with
Parkinson's disease in the absence of dopaminergic medication were still able to access rhythmic entrainment mechanisms to improve their gait patterns. Although phase locking measures indicated larger and more variable sychronisation errors in the OFF patients than in medicated and healthy subjects, deviations in frequency matching were remarkably similar to the other two groups. Gait velocity, cadence, and stride length improved in 19 out of 21 ON patients. The same stride variables improved for all OFF patients with the exception of the stride lengths of two. The close rhythmic synchronisation patterns across different RAS frequencies found in the vast majority of ON and OFF patients suggests that RAS can serve as an external timekeeper to which the step cadence becomes entrained. The patient in whom RAS was able to increase walking speed but without a synchronised cadence, may have responded to a more general arousal effect of the music. A research design presenting RAS as a single pulse train without musical context would control for this effect in future research. The apparent inability of the most severely impaired patient to respond to RAS raises the question of a differential effect of rhythmic auditory facilitation dependent on severity of the disease. An important finding regarding sensory facilitation of disordered basal ganglia function was made in the patient with Parkinson's disease who was off medication for 48 hours. His gait movements froze at the turn in the walkway during his baseline walk and again during his last walk after RAS had been removed. However, he was able to turn smoothly and retain rhythmic synchronisation during the two RAS conditions. Although this finding is only anecdotal in the context of this study, it provides further evidence for the effectiveness of an auditory rhythm to facilitate movement sequencing and overcome akinesia often associated with basal ganglia dysfunction.
Sound, music, and rhythm have been used throughout history and across all cultures to stimulate and organise motor function. '6 However, the evidence for entrainment effects in the OFF group suggests that rhythmic synchronisation with an auditory timekeeper can be achieved in the absence of intact basal ganglia function. Studies in non-human primates have shown that movement related phasic discharge of pallidal neurons may serve as an internal cue to the supplementary motor area signalling the end of one movement and allowing the onset of the next.'7 Several authors have suggested that predictive external sensory cues, such as auditory rhythm, can provide the necessary trigger in Parkinson's disease to switch from one movement component in a movement sequence to the next and thus bypass defective internal pallidocortical projections, [18] [19] possibly via the lateral premotor cortex which receives sensory information in the context of externally guided movements.2021 This would explain why patients with Parkinson's disease in the absence of external cues show dramatically slowed movement initiation and execution times which can improve significantly when external sensory cues are present. Recently, Georgiou et a!2 found that auditory cueing led to a significant reduction in initiation and execution times in a sequential button pressing task performed by patients with Parkinson's disease. Further, predictable rhythmic metronomic cues were found to be more effective in improving motor timing compared with non-rhythmic auditory cues which were presented contingent on depress-ing the buttons, or visual cues sequentially illuminating the button path. 
